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3,n-fused (n = 4-7) tricyclic indoles are pervasive motifs, embedded in a variety of biologically active molecules and
natural products. Thus, numerous catalytic methods have been developed for the synthesis of these skeletons.

Keywords: palladium ; tricyclic indoles ; domino reaction ; catalyst ; total synthesis

| 1. Introduction

Indole is one of the most significant nitrogen heterocycles, owing to its unique biological activity and wide existence in
numerous natural products, bioactive molecules, pharmaceuticals, and functional materials HIZEIEIEIE - Among the
numerous indole alkaloids, 3,n-fused (n = 4-7) tricyclic indoles have attracted much attention for their typical biological
activities and synthetic challenges in recent years &l The tricyclic indole nucleus is found in a myriad of natural products
and pharmaceutical molecules (Scheme 1), such as HKI 0231B &, dehydrobufotenine 29, ambiguine H 1, tryptorubin A
(121 celogentin C 3], chloropeptin | 141, and streptide 12!, Accordingly, a number of strategies have been established for
the synthesis of these skeletons, including intramolecular Fischer indole synthesis, Witkop photocyclizations, Diels-Alder
reactions, Friedel-Crafts reactions, Pictet-Spengler reactions, 67t-electrocyclizations, and transition-metal-catalyzed
domino reactions.
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Scheme 1. Representative examples of biologically active molecules containing tricyclic indole cores.

In recent years, numerous advances have been achieved via transition-metal-catalyzed domino reaction. Among them,
palladium has been widely used as a versatile catalyst for their typical atom orbital to get a series of tricyclic indole
skeletons. The seminal work on the synthesis of tryptophan derivatives was reported by Roberts in 1994 18l |n this
research, the palladium catalyst was employed to complete the bridge between C3 and C4. After that, especially within
the last ten years, a variety of protocols for synthesis of these molecules have been developed and refined by
researchers. Moreover, the palladium catalyst was also used extensively in cross-coupling reactions, such as Buchwald-
Hartwig, Suzuki-Miyaura, Heck, Sonogashira, Negishi, and Stille to synthesize a variety of useful compounds [171118],

| 2. Intramolecular Cyclization

The Heck reaction 12 js one of the most powerful methods for generating new C-C bonds, and has been used in
numerous syntheses of high value-added chemicals and complex molecules. In 1999, Séderberg and co-workers 29
successfully developed a practical method for synthesizing 3,4-fused tricyclic indole skeletons via two consecutive
palladium-catalyzed reactions, using an intramolecular Heck reaction followed by reductive N-heteroannulation. The



reaction afforded various tricyclic indole products (3a-3d) in 41-78% vyields with 5 mol% Pd(OAc), as catalyst, 12 mol%
1,3-bis(diphenylphosphino)propane (DPPP) as ligand, 60 psi carbon monoxide as reductant, and polar DMF as solvent
(Scheme 2). Notably, compared to the previous Heck reaction, the relative rate of alkene insertion in this reaction is
higher, likely due to the presence of the strong electron-withdrawing nitro group. Six years later, the same group [
reported a similar method for preparation of 3,4-fused tricyclic indoles with 6—8-membered rings. With respect to the
scope of substrates, nitrogen- and oxygen-containing rings work well in this reaction as well, except for the carbocyclic

ring.
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Scheme 2. Synthesis of 3,4-fused tricyclic indoles via two consecutive palladium-catalyzed reactions.

Medium-sized ring fused tricyclic indoles are quite useful structures in numerous natural products such as decursivine and
serotobenine. In 2011, Van der Eycken and co-workers 22 reported a novel method for the construction of amide type of
3,4-fused tricyclic indole derivatives through a palladium-catalyzed intramolecular acetylene hydroarylation reaction with
excellent regio- and stereoselectivity (Scheme 3). In this research, various nitrogen protecting groups and alkyne
substituents, such as methyl (5a), ethyl (5b), tert-butyl (5¢), phenyl (5d), and silyl groups were successfully tested and
tolerated well, delivering the target products in moderate to good yields, and the structures were confirmed by H NMR,
13C NMR spectroscopy, HRMS (El), and X-ray crystallography. The reaction is rapid, mild, regioselective, stereoselective
and proceeds with good yields. It is worth noting that substrates bearing a free NH group (5¢) also reacted smoothly in

this reaction.
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Scheme 3. Synthesis of 3,4-fused tricyclic indoles through palladium-catalyzed intramolecular acetylene hydroarylation.

As we know, Larock indole synthesis is one of the most efficient methods for the rapid construction of indole skeletons
from halo-anilines and alkynes with palladium catalyst (231241 |n 2013, Boger and co-workers 23 successfully reported the
first example for rapid assembly of 3,(4-6)-tricyclic indoles 7 via intramolecular Larock indole annulation with a powerful
Pd,(dba)s/DtPBF catalyst system, and catalyst and other reaction parameters were examined in detail (Scheme 4). This
novel transformation features excellent functional-group tolerance (18 examples), good vyields (up to 89% yield), and
provides an efficient strategy to afford natural product chloropeptin |, chloropeptin Il DEF ring system and key isomers
directly. The ring size ranges from 6 to 28, which includes peptide chain and conventional carbon chain. More importantly,
the TES or TMS group are easily removed from the molecules, leading to the formation of various indoline skeletons. It is



worth noting that the established method is a good complement to the Stille or Suzuki cross-coupling reactions for the

synthesis of cyclic or macrocyclic ring indole systems [281127],
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Scheme 4. Synthesis of diversely functionalized 3,4-, 3,5-, and 3,6-fused tricyclic indoles 7 with the alkyne tethered ortho-
bromoanilines.

In the same year, Jia and co-workers 28 successfully disclosed a new and general method for the synthesis of 3,4-fused
tricyclic indole derivatives through intramolecular Larock indole annulation from internal alkyne tethered ortho-iodoaniline
derivatives, and these skeletons are often embedded in numerous natural products and bioactive molecules (Scheme 5).
After extensive condition studies, the optimal reaction conditions are as follows: Pd(OAc)2 (20 mol%), PPh3 (40 mol%),
K,CO3 (2.0 equiv.), and LiCl (1.0 equiv.) in DMF at 100 °C under nitrogen atmosphere. Applying the Pd/PPh3 catalyst
system to the indole-synthesized reaction successfully produced 6—18-membered ring fused tricyclic indoles 9 in good to
excellent yields (up to 99% yield), and various linkers, including carbon- (9¢,99¢,9i)), oxygen- (9a,9b,9d,9¢e,9h), or
nitrogen- (9f) are all tolerated well. In addition, the method was highlighted by the total synthesis of the natural product
fargesine, which was isolated from the root and stem of Evodia fargesii Dode. Notably, the authors also explored the
reaction with the easily accessible ortho-bromoaniline-type substrates. Considering the lower reactivity of the C-Br bond,
some representative ligands were tested to complete the ideal conversion, results showed that electron rich Me-phos or
DPPP gave the best yields. Later, the method was also extended to the synthesis of 3,5-fused tricyclic indole scaffolds by
the same group 22, giving a variety of 3,5-fused macrocyclic with good yields, and the method was also used to afford the
tetrahydropyrrolo [4,3,2-de]quinolone ring.
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Scheme 5. Synthesis of 3,4-fused tricyclic indoles via palladium-catalyzed intramolecular annulation of internal alkyne
tethered ortho-iodoanilines and total synthesis of fargesine.

The strategy of diversity oriented synthesis (DOS) is of great importance in organic synthesis, medicine chemistry,
agrochemical chemistry, and material sciences, which aims to efficient collections of small molecules with diverse
appendages, functional groups, stereochemistry, and skeletons B9, |n 2013, the You group Bl developed an efficient,
Pd(0)-catalyzed allylic alkylation protocol for the synthesis of 3,4-fused tricyclic indole derivatives from readily available 3-
subsituted indoles at 50 °C (Scheme 6). The phosphine ligand was crucial for this Pd-catalyzed allylic alkylation reaction,
results showed that the 2-(2-(diphenylphosphanyl)phenyl)-4,4-dimethyl-4,5-dihydrooxazole (L1) proved to be the best
ligand and led to the formation of tricyclic indole product (11a) in 70% yield. Substituents at the nitrogen such as benzyl
and allyl could be well-tolerated, and delivered tricyclic indoles in moderate yields. Indole substrates substituted with
fluorine (11c) and chlorine (11d) at the 7-position generated the products with 57% and 60% yield, respectively. Moreover,
various 3-substituted substrates were used to examine the substrate scope of the Pd-catalyzed allylic dearomatization
reaction under slightly modified conditions. In the transformation, screening of various chiral ligands showed that planar
chiral ferrocene-based ligand (L2) gave the highest value of ee. Substrates bearing methyl, allyl, benzyl, and various
nucleophilic substituents at the 3-position of indole could be applied in the reaction and gave the desired products in good
yields with moderate enantioselectivity (12a—12h). Notably, when an excess of trifluoroacetic acid (TFA) was added to
(12e) at room temperature, tetracyclic product (12i) was achieved with 80% yield and 73% ee via deprotection of the Boc
group followed by addition to imine.
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Scheme 6. Diversity oriented synthesis of 3,4-fused tricyclic indole and their derivatives via palladium-catalyzed allylic
alkylation reactions.

As important raw materials, allenes, which possess unique reactivity compared to alkenes, alkynes, and others, owing to
the presence of two cumulative orthogonal Tt-bonds [B2IB3IB4ISSISE] have proven to be key synthetic intermediates in
construction of various organic molecules. In particular, allenes generally react with aryl halide to produce Tt-
allylpalladium(ll) species in the presence of Pd(0) catalyst through a classic Heck insertion process. In 2015, Nemoto and
co-workers B4 successfully demonstrated a novel Pd-catalyzed cascade cyclization with allene tethered ortho-
iodoanilines 13 as starting materials. This enabled rapidly assembled 3,4-fused tricyclic 3-alkylidene indoline scaffolds
through a sequence of oxidative addition, allene insertion, and allylic amination, thus yielding a new class of 3,4-tricyclic 3-
alkylidene indoline skeletons in good to excellent yields with broad substrates scope (Scheme 7). Furthermore, the 3,4-
tricyclic 3-alkylidene indolines were divergently transformed into three types of 3,4-fused tricyclic indoles in 94% to
quantitative yield with rather simple operation, successfully demonstrating the utility of this cascade process. Alternatively,
the desired 3,4-fused tricyclic indoles could also be obtained by oxidation of products 14 with DDQ or PCC.
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Scheme 7. Palladium-catalyzed intramolecular annulation of allene tethered ortho-iodoanilines.

In many macrocyclic natural products, peptide-based macrocycles are pervasive motifs in medicine molecules [B81391[40],
Among them, drugs, such as anticancer agent octreotide, antibiotic vancomycin, and immunosuppressant cyclosporin are
typical molecules. Therefore, a concise method for the synthesis of these skeletons is highly attractive and challenging. In
2018, Chen, Liu, Shen, Qi, He, and co-workers 21 described an amide and pyridine directed B-C(sp®)-H arylation reaction
to access diverse peptide macrocycles under Pd(ll) catalysis (Scheme 8). In this transformation, 3,5-fused tricyclic indole
(16a) and 3,7-fused tricyclic indole (16b) were obtained in 87% and 71% yields, respectively.
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Scheme 8. Synthesis of peptide-based macrocycles via palladium-catalyzed intramolecular C(sp®)-H arylation.
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